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Abstract 
To achieve a high fatigue limit the most common approach is to increase the static strength and hardness of a material. This is 
realized mostly by decreasing microstructural dimensions as the grain size or the spacing between phases in more phase 
materials. According to the Hall-Petch-relationship the static strength is increased by that way. Simultaneously, the fatigue limit, 
which is defined by the non-propagation of cracks, increases with decreasing microstructural dimensions. The reason is that 
microstructurally small cracks are stopped at microstructural barriers so that smaller distances between neighboring barriers 
reduce the length of non-propagating cracks and increase the intrinsic fatigue limit. But this increase of the fatigue limit is 
confined by the dimensions of the flaws within the material, such as non-metallic inclusions or geometrical notches, which 
reduce the fatigue limit of high strength materials significantly. 
The trade-off between small microstructural dimensions and the dimensions of the flaws will be discussed on the basis of 
experimental results in three examples. Firstly, commercial pure titanium shows a distinct change of the fatigue limit not before 
the notches are larger than the grain sizes, although the stress intensity at the notches is significant [1]. Secondly, micro notches 
in high strength materials always result in a huge decrease of the fatigue limit [2]. Thirdly, as bulk metallic glasses do not possess 
microstructural barriers like grain boundaries notches are a crucial factor in this class of materials [3]. 
On the basis of these examples and the modified Kitagawa-Takahashi diagram [4] a new approach to explain the microstructure 
and notch influence on the fatigue limit will be presented. This could be the basis for future developments to increase the fatigue 
limit of metals. 
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1. Introduction 
The demand to customise properties of materials is continuously rising. New functions of parts have to be 
achieved simultaneously with good mechanical properties. Unfortunately, the requirement for new functions and the 
need to secure good mechanical properties are conflicting. For instance small cavities at the surface of parts could 
have beneficial effect as reservoirs for lubricants during tribological loadings but they would also act as small 
notches, which are often harmful during fatigue loadings. Therefore the paper deals with the particularity of small 
notches to have an influence on the fatigue limit of parts in relation to the influence of the microstructure on the 
fatigue limit. 
Approaches to increase the fatigue limit by increasing the static strength are discussed in the light of the effect of 
small notches or defects on the fatigue limit. The question will be whether there is a maximum possible fatigue limit 
like the theoretical strength by avoiding any notches or flaws. 
Nomenclature 
a crack length 
σa stress amplitude (σmax-σmin)/2 
σe fatigue limit 
σmin minimum value of applied stress 
σmax maximum value of applied stress 
Kf fatigue reduction factor 
Kt stress concentration factor  
Kth threshold value for long cracks 
R load ratio σmin/σmax
1.1. Influence of microstructure on the fatigue limit 
It is well known that the static strength of a material is determined by the hardening mechanisms [5]. For low and 
medium strength metals the fatigue limit corresponds to the static strength or hardness linearly. However with 
increasing hardness the fatigue limit becomes lower than expected from linearity [6] because the failure mechanism 
changes from intrinsic flaws to inherent and/or processing flaws [7]. This is because the size of inherent or process 
flaws becomes larger than the size of the microstructural dimensions like spacing between grain boundaries in high 
strength metals, whereas such flaws are significantly smaller than the microstructural dimensions in low and 
medium strength metals. It follows that a crack which is initiated at the surface or at a flaw is stopped at least at the 
next microstructural barrier when the applied load is below the fatigue limit [8]. In the following the term “intrinsic 
fatigue limit” will be used when a fatigue crack was initiated without inherent or process flaws. If the crack was 
initiated by an inherent or a process flaw the fatigue limit will be called “inherent” or “process fatigue limit”, 
respectively. In any case, Navarro and de los Rios derived an approximation of the fatigue limit which depends on 
the critical shear stress to activate a dislocation source behind the microstructural barrier at which the crack is 
stopped and has a Hall-Petch-like grain size dependence [9].  
1.2. Influence of micro notches on the fatigue limit 
The investigation of the influence of notches on the fatigue limit has a fairly long history [10]. It has been shown 
that there is a decrease of the fatigue limit of a notched specimen by a factor of Kf (< Kt) compared with the fatigue 
limit of an unnotched specimen [11]. Yet, most considerations regarding notches are focused on notches on a 
macroscale whereas new manufacturing techniques enable the production of functionalized surfaces with very small 
notches with dimensions on the microscale [12]. Such small notches might behave differently than macro notches 
because the dimensions of the micro notches are in the same order as the microstructural dimensions. As yet, only a 
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very limited number of publications deal with such small notches [13]. Non-metallic inclusions in high strength 
steels pose a similar problem because like notches they act as stress raisers, too [14]. 
The following chapters show the application of the modified Kitagawa-Takahashi diagram [4] to explain the 
microstructure and notch influence on the fatigue limit. Thereby the notch sensitivity of a material will be discussed 
on the basis of notch and microstructural dimensions. The Kitagawa-Takahashi diagram is simplified with the 
assumption that microstructural short crack growth develops directly into long crack growth when the crack length 
reaches the distance between adjacent barriers like grain boundaries for titanium or the bainite needle thickness for 
high strength steels. The maximal stress amplitude at which this transition is just still impossible is determined as 
intrinsic fatigue limit. In the case of crack initiation at inherent or process flaws, which are larger than the 
microstructural dimension, these flaws are considerd as long cracks, which are assumed as semi-elliptical surface 
cracks. The crack length a is assumed as the square root of the area of the flaws or notches. For theses cracks an 
inherent fatigue limit is calculated using 
ܭ௧௛ ൌ ͳǤͳʹߪ௘ξߨܽ  (1) 
Vice versa, by knowing the threshold value for long cracks it is possible to calculate the intrinsic fatigue limit 
with Eq. 1 under the assumption that the crack length a is given by the distance between adjacent microstructural 
barriers. 
2. Titanium 
Titanium is known as a material with very high notch sensitivity due to its hexagonal crystal structure [15]. 
Recent investigations have shown that very small notches are only crucial to fatigue if their sizes are larger than the 
grain size in cp-titanium [1]. Fatigue cracks were initiated at the notches of micro milled specimens only if the notch 
was deeper than the grain size. Otherwise fatigue cracks initiated at the surface beneath the notch (Fig. 1) [16]. 
Consequently the smaller notches (depth 10 µm, width 45 µm) (Fig. 1a) did not decrease the fatigue limit compared 
to unnotched specimens with face milled surfaces. The fatigue limit was 247 MPa and 250 MPa, respectively, at a 
load ratio of R = -1 (for experimental details see [1,16]). In contrast the larger notches (depth 20 µm, width 60 µm) 
(Fig. 1b) caused a decrease of the fatigue limit down to 219 MPa. 
a    b 
Fig. 1. (a) crack initiation beneath the micro milled notch; (b) crack initiation at the micro milled notch. [16] 
Assuming that the threshold value of cp-titanium is around 2.5 MPa m1/2 [17,18] and the medium grain size is 30 
µm [1] the calculated intrinsic fatigue limit using Eq. 1 would be 230 MPa, which is slightly lower than the 
measured value of 250 MPa. Taking the larger notch size the calculated inherent fatigue limit is 200 MPa. 
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3. High strength steels 
For high-end applications requiring highest fatigue limits often high strength steels are used in martensitic or 
bainitic conditions. If the surface finish is good enough these steels fail mostly only from non-metallic inclusions. 
This can be avoided by using steels with very high cleanliness which could increase the fatigue limit of the bearing 
steel 100Cr6 in bainitic condition from 848 MPa (B220) to 1038 MPa (H220) [19], for instance. The failure in the 
latter state was either featureless or from small carbides with diameter up to 4 µm while the state B220 failed always 
from non-metallic inclusions [19]. 
To study the influence of small notches artificial flaws with different sizes can be produced at the specimen´s 
surface by electro discharge machining [20]. The size (square root of area) of the small and large artificial flaws is 
about 35µm and 140 µm, respectively. As long as this size is larger than the diameters of inclusions failure is 
expected to occur at the artificial flaws. The shape of the flaws is visible after fracture on the crack initiation site 
(compare Fig 2 left). The S-N-curve shows that larger defects lead to a shorter fatigue life (Fig 2 right) and to lower 
fatigue limits, estimated by trend lines extrapolated to 107 cycles, which leads to about 350 MPa for small and 160 
MPa for large flaws. 
Fig. 2. large and small artificial flaws as crack initiation sites on the fracture surface, S-N-curve for inclusions and artificial 
flaws.
The calculation of an intrinsic fatigue limit here is more difficult than in the case of cp-titanium because the 
dominating length scale is hard to determine for bainitic steel. Using the medium needle length of about 3 µm or 
needle width of 0.5 µm leads to a calculated fatigue limit of 1164 MPa or 2850 MPa, respectively, taking a threshold 
value of 4 MPa m1/2 [21]. Obviously the calculated fatigue limit of 2850 MPa is higher than the ultimate tensile 
strength of the material state, which is about 2500 MPa [22]. The small carbides with 4 µm diameter would result in 
an inherent fatigue limit of 1010 MPa, which is slightly lower than measured for the high cleanliness state H220 
because only few specimens failed from such carbides. Most specimens failed featureless, which in turn corresponds 
with the above calculated intrinsic fatigue limit on the basis of the needle length. The calculated fatigue limit caused 
by the small and large artificial flaws is 340 MPa and 170 MPa, respectively, which is very similar to the rough 
estimation from the S-N-diagram (Fig 2 right). 
4. Bulk metallic glasses 
Under the assumption that the static strength is an important basic property to reach high fatigue limits metallic 
glasses seem to be a promising class of materials because Zr-based alloys, for instance, can have an ultimate tensile 
strength (UTS) far above 2 GPa. Consequently, fatigue crack initiation and growth in bulk metallic glasses are often 
investigated in Zr-based alloys. Thereby, the fatigue limit, which is sometimes lower than 1/10 of UTS [3,23,24], is 
badly disappointing. In view of the above mentioned condition for the intrinsic fatigue limit, which is given by the 
size of a nonpropagating crack and its arrest at a microstructural barrier, the low fatigue limit of metallic glasses is 
not surprising because there are no microstructural barriers within the amorphous structure. This means that even 
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very small flaws, which can be casting pores, surface scratches or nanocrystals, lead to cracks which grow 
unhindered even at small stresses as there are no obstacles to arrest them. One of the highest current fatigue limits is 
reported for Vitreloy 105 with a surface polished to 1 µm [24]. The fatigue limit is 408 MPa, which is 24 % of UTS 
(1700 MPa), for a load ratio R = 0.1 [24]. Assuming the Goodman-relation the fatigue limit would be 577 MPa for 
R = -1. Specimens with casting pores were evaluated separately and showed a decrease of the fatigue limit by about 
60 % [24], thus 297 MPa when assuming R = -1 as above. 
For the BMG it is impossible to calculate an intrinsic fatigue limit as was done for titanium and high strength 
steel lacking microstructural length scale which could wisely be used. But the inherent fatigue limits can be derived 
for a threshold of 1 MPa m1/2 and a flaw size of 1 µm (surface finish) or of 10 µm (pore size) [24] which leads to 
504 MPa or 159 MPa, respectively. These calculated values are lower than the above mentioned but the tendency is 
met quite well. 
5. Kitagawa-Takahashi diagram 
The above mentioned results are plotted into Fig 3. Taking into account the long crack growth behavior the 
inherent fatigue limit can be calculated by the converted Eq. 1:  
ߪ௘ ൌ Ͳǡͻͺ͵ܭ௧௛Ȁξߨܽ (2) 
This dependency is plotted in Fig 3 for different threshold values by the dashed lines. Obviously with identical flaw 
size the fatigue limit is higher if the long crack threshold value is higher.  
5.1. Fatigue limit of titanium with micro notches 
The fatigue limits of the two nochted states of cp-titanium are plotted in Fig. 3 as red horizontal lines whereas the 
unnotched state had the same fatigue limit as that with the small notches. The grain size is given by a vertical red 
line. The intersection point of the vertical line and the dashed threshold (2.5 MPa m1/2) line is directly between the 
two measured fatigue limits. This explains why the small notches have no influence on the fatigue limit while the 
larger notches do: a crack which is initiated at a small notch will be stopped at the first grain boundary just like 
cracks which are initiated at the surface without a notch, when the applied stress amplitude is lower than the fatigue 
limit. In contrast, a larger notch will initiate a crack which cannot be stopped at the first grain boundary and leads to 
a longer crack. This longer crack will only be stopped at a subsequent grain boundary if the applied stress amplitude 
is lower than that in the case of the small notch; this stress amplitude can be calculated by Eq. 2. The maximum of 
the fatigue limit is given by the intrinsic fatigue limit which corresponds approximately to the same crack length as 
the grain size. 
5.2. Fatigue limit of high strength steels with notches 
The high-strength steel 100Cr6 has a higher intrinsic fatigue limit than cp-titanium, of course. But it is difficult to 
calculate because the dominating microstructural length scale is difficult to find. The fatigue limit of the high 
cleanliness state H220 shows with the help of the intersection with the dashed threshold (4 MPa m1/2) line that the 
dominating microstructural length has to be smaller than 4 µm, which is the size of a crack initiating carbide (given 
by a horizontal line in Fig. 3). There is no doubt that larger flaws or notches reduce the fatigue limit according to Eq. 
2 and as illustrated by the vertical lines for the different flaws in Fig. 3. However, the diagram does not give all 
necessary information to determine whether the bainite needle length or width or some other length scale determines 
the intrinsic fatigue limit. Accordingly, the given knowledge does not suffice to calculate a maximum of the fatigue 
limit (intrinsic fatigue limit). 
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Fig. 3. Kitagawa-Takahashi diagram, horizontal lines show the measured fatigue limit, vertical lines mark the microstructural or flaw dimensions 
5.3. Fatigue limit of bulk metallic glass with notches 
Owing to the lack of any crack arrest sites in the amorphous structure, it is even more difficult to estimate an 
intrinsic fatigue limit for metallic glasses. As in the case of 100Cr6 it works quite well to estimate the inherent 
fatigue limit, which is visible by the intersection points for the surface finish or the pore size with the blue threshold 
(1 MPa m1/2) line. The intersection points correspond to the fatigue limits given by the horizontal lines and as 
calculated above (see Chapter 4). Assuming that no inherent flaws are present there is no microstructural dimension 
which could determine the intrinsic fatigue limit; hence the fatigue limit could correspond to UTS. A back 
calculation shows that the threshold line would intersect UTS at a microstructural dimension of about 90 nm. This 
high fatigue limit in turn would necessitate a very good surface finish that would have to be lower than 0.09 µm. 
5.4. Increasing the fatigue limit 
The above presented results all showed clearly that flaws which are larger than the microstructural dimensions 
are the more detrimental to the fatigue limit the larger they are. This finding is in accordance with long crack regime 
as presented in the Kitagawa-Takahashi diagram, where the inherent or process fatigue limit σe decreases with 
increasing crack length a according to Eq. 2. This dependency is plotted in dashed lines in Fig 3 for different 
threshold values. Obviously, with identical flaw size the fatigue limit becomes higher with increasing long crack 
threshold value.  
Thus, one approach to increase the fatigue limit could be to modify the microstructure of a material in a way that 
increases the threshold value. But unfortunately an increasing threshold value often goes hand in hand with a 
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decrease of hardness [25]. Reduced hardness, again, means that the grain size, for instance, must be higher. Higher 
grain size, again, reduces the intrinsic fatigue limit. Vice versa, an increased hardness usually reduces the threshold 
value. This trade-off is the main challenge when designing components against fatigue: the microstructure and the 
size of notches, flaws or non-metallic inclusions, for instance, all have to be optimized for the individual shape of 
the part and the selected material. On the one hand, it could be of advantage to reduce the strength or hardness of a 
material to reduce the notch sensitivity, which can increase the inherent or process fatigue limit. On the other hand, 
to achieve highest fatigue limits, there is an effort of high cleanliness and best surface finish because smallest 
imperfections might lead to cracks which are larger than the microstructural dimension in high strength materials. 
To reach a maximum fatigue limit the transition point from intrinsic fatigue limit to inherent or process fatigue 
limit needs to be shifted to as large as possible flaw sizes. Therefore, strong microstructural barriers are necessary to 
arrest a crack starting at these flaws. But these barriers cannot be accountable for the static strength like grain 
boundaries in the Hall-Petch relationship. It is necessary to activate several hardening mechanisms simultaneously 
to achieve a high critical shear stress which can activate a dislocation source in the sense of the model from Navarro 
and de los Rios [9]. A very homogenous dislocation structure with high dislocation density and high cyclic stability 
of this dislocation structure is one possibility. One way to reach a stable dislocation structure is described in [26]. 
6. Conclusions 
The fatigue limit of a part is dominated by its microstructure and the notch geometries. There is a very strong 
interaction between the microstructural and the notch dimension. To adjust microstructure and notches the 
Kitagawa-Takahashi diagram is a very useful tool to estimate directly which of the two dominates the fatigue limit 
and, in consequence, which of the two should be modified to increase the fatigue limit of a given part. 
Small notches with a size smaller than the distance between microstructural barriers do not seem to be critical in 
reducing the intrinsic fatigue limit as an inherent or process flaw. As soon as the notch size exceeds the 
microstructural dimension it has to be taken into account when calculating the fatigue limit. 
It is still an open question how to get highest fatigue limits. An auspicious approach to this question has to solve 
the trade-off between threshold value for long crack growth and high static strength or hardness. Metallic glasses 
would be a top choice if it was possible to avoid inherent and process flaws. But as it is nearly impossible to produce 
materials without any flaws, this is not a suitable approach. Instead it seems more promising to design a 
microstructure consisting of strong barriers to arrest cracks, which leads to a high inherent and process fatigue limit, 
and having a cyclically stable dislocation structure to achieve a high intrinsic fatigue limit. 
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